Abstract Central airway stenoses often represent a therapeutic challenge and require a multidisciplinary approach involving interventional pulmonologists and thoracic surgeons. While surgery is often the preferred definitive modality, advances in bronchoscopic techniques have led to substantial improvements in patient symptoms and longterm quality of life using minimally invasive techniques generally safe when performed by experienced proceduralists. Endobronchial laser therapy, cryotherapy, conventional electrocautery, or argon plasma coagulation and photodynamic therapy have been used successfully. A variety of stents, silicone or self-expandable (covered or non-covered metallic stents), have been used though little significant progress has been achieved since the description of the dedicated airway silicone stents first described by JeanFrancois Dumon in the 1980s. Rigid bronchoscopy remains the method of choice for the treatment of both benign and malignant central airway obstruction, but significant technological advances allow for effective treatments using the flexible bronchoscope. Metallic non-covered stents are generally not recommended, except in selected patients with poor short-term prognosis.
Introduction
Modern bronchoscopy benefited from the work of Shigeto Ikeda, a Japanese pulmonologist, who developed flexible bronchoscopy using optic fibers [1] . This led many to regard rigid bronchoscopy as obsolete, and it was virtually abandoned in favor of flexible bronchoscopy. Few endoscopists continued to get exposed to the technique and adequate training became a rarity. However, some European physicians continued to use the rigid system for the treatment of airway diseases, among whom the father of modern therapeutic bronchoscopy, Jean-François Dumon, unanimously regarded as a pioneer in the field of interventional pulmonary medicine. He was one of the first bronchoscopists [2] [3] [4] [5] to use laser therapy in the airway and contributed to standardize its utilization [6, 7] . Another of his many contributions was the invention of a dedicated silicone stent for the trachea and bronchi [8] . Before the era of Dumon stents, the only available option for re-establishing patency of the trachea post-operatively was the Montgomery T-tube, which required a tracheostomy for placement [9] . The combination of laser debulking and stent placement in case of concurrent extrinsic compression allowed for immediate and lasting palliation of malignant central airway obstruction. These techniques allowed pulmonologists to treat central airway diseases formerly considered treatable only via extensive and often prohibitively dangerous surgical procedures.
Available techniques in therapeutic bronchoscopy
The rigid bronchoscope
The rigid bronchoscope (RB) is an invaluable tool in interventional bronchoscopy [10] [11] [12] . Although requiring general anesthesia, rigid bronchoscopy allows for adequate ventilation of the patient through a side port, efficient suctioning of blood, secretions, pus, and smoke via large suction catheters, and the use of various instruments (laser probes, cryoprobes, rigid forceps, etc.) alongside the telescope [13•] .
A variety of therapeutic interventions are possible including dilation of stenoses or extrinsic compressions and quick mechanical coring and debulking of endoluminal tumors using the distal sharp bevel [14] . The rigid bronchoscope is the instrument of choice in cases of acute respiratory failure secondary to endoluminal obstruction as it allows for rapid procedures while maintaining airway patency and adequate ventilation. Due to obvious anatomic limitations, its use is not suitable for upper lobe diseases. Rigid bronchoscopy is required for silicone stent placement using a dedicated rigid loading system.
The flexible bronchoscope
Treatment of central airway obstructions with the exclusive use of a flexible bronchoscope (FB) is not generally preferred, particularly in the case of tracheal lesions. The small working channel may not allow for adequate suction of secretions or blood in severe cases. In addition, flexible biopsy forceps have a smaller diameter that only permits removal of small tumoral fragments at a time, hence leading to long and fastidious procedures, an obvious shortcoming in case of respiratory emergencies [1] . Metallic snares or baskets have been developed in order to remove larger pieces of tumors or foreign bodies, but remain generally inferior to rigid bronchoscopy techniques [13•] . Rigid and flexible bronchoscopy should be regarded as complementary techniques and used concurrently during these procedures. The easy maneuverability of flexible bronchoscopes allows thorough exploration and clearing of the peripheral airways. In addition, FB is the only tool available for the treatment of upper lobes obstruction. A variety of techniques (laser, thermocoagulation, argon plasma coagulation, and cryoprobes) can be used.
Ablative techniques
Among the traditional ablative techniques, laser was the first technique used by pulmonologists [2] [3] [4] [5] [6] [7] . Other ablative techniques have since become available to thoracic endoscopists such as thermocoagulation, argon plasma coagulation, cryotherapy, photodynamic therapy, and brachytherapy. All these techniques have their own advantages and disadvantages and have been reviewed elsewhere [15•, 16, 17, 18] .
Airway stents
The main purpose of tracheal and bronchial stents is to restore patency of the airway to a caliber as close to normal as possible. Any symptomatic endoluminal pathology associated with a significant reduction in airway luminal diameter (greater than 50%) may be an indication for a silicone airway stent [19, 20••] . In life-threatening situations there are no absolute contraindications. However, other techniques should be considered before stent placement. Endoluminal tumors should be treated initially by laser resection, for example, and a stent should only be placed if still deemed necessary. The treatment of benign lesions requires particular caution, as stents may be harmful in the long run, even if early benefit is often noted [20••] . In general, only removable stents should be used for these indications unless a multidisciplinary team has determined inoperability [20••] .
Airway stents are generally divided into two types: silicone and metallic stents [20••] . Metallic stents will not be mentioned further in this article but we recommend an excellent recent review for interested readers [20••] .
Different types of silicone stents -The Dumon stent (Tracheobronxane, Novatech, La Ciotat, France) remains the reference, as it is the most commonly placed stent worldwide. This airway stent has a simple design consisting of a silicone tube with small studs on the external surface to reduce migration [8] . They have become, de facto, the gold standard for the endoscopic treatment of benign and malignant stenoses [20••] . There are two specific designs: straight and Y-shaped (for disease involving the carina) [21] . Stents are available in various lengths and diameters to accommodate both pediatric [22] and adult anatomy. The largest available external diameter is 20 mm. For irregularly shaped stenoses (ie, those with markedly reduced central airway caliber as compared to the extremities), specialized hourglass-shaped stents are available [23] . These stents are particularly useful in cases of short benign tracheal disease. Currently available stents are either made of transparent silicone (non-radioopaque) or made of silicone melted with barium sulfate (white color, radio-opaque). The new generation of transparent Dumon silicone stents (Tracheobronxane, Novatech, La Ciotat, France) will have radiopaque gold markers embedded in the external studs. The transparent Dumon stent allows for the visualization of the underlying mucosa during placement. Dumon stents should be inserted using a dedicated rigid bronchoscope. The commercialized introducer set includes a loading tool and a pusher. Dumon stents can be repositioned, removed, or replaced at any time with ease using standard grabbing rigid forceps. On-site modification of these stents is technically possible [24] . The major complications reported with silicone stents include migration (9.5%), granuloma formation (7.9%), obstruction secondary to secretions (3.6%) [25] , and bacterial overgrowth [26] . Migration is most frequently the result of undersized stents respective to airway diameter or, alternatively, due to tumor involution secondary to treatment. This complication is rarely fatal and presents clinically as new symptoms of cough or dyspnea. It is managed easily by removal or repositioning of the migrated stent under rigid bronchoscopy and eventual replacement with a more appropriately sized stent. Percutaneous external fixation is sometimes considered to reduce the risk of migration [27, 28] . Granulation tissue has a tendency to form at the proximal and distal extremities of the stent and is caused by chronic inflammation. This can ultimately lead to obstruction of the stent requiring mechanical or thermal treatment (laser, electrocautery, cryotherapy). Replacement of the stent may occasionally be necessary. Mucoid impaction of the stent leading to obstruction can be quite serious and occasionally leads to life-threatening situations. This risk may be reduced with humidification of the stent via nebulization of normal saline two to three times daily while the stent is in place. Stents that get repeatedly impacted with secretions are most often associated with bacterial colonization and should generally be removed and replaced. -The Polyflex stent (Boston Scientific, Natick, MA) is made of polyethylene threads embedded in silicone [29, 30] . The walls of these stents are thinner than those of Dumon stents, resulting in a better inner-to-outer diameter ratio. The edges of these stents are sharper and their length may vary depending on their compression state. Polyflex stents can provide a better fit for hourglass-type stenoses. However, their outer surface is slightly smoother and consequently the migration rate seems to be higher than that of Dumon stents. Little tungsten spots in the stent wall make them visible on chest radiographs. Polyflex stents are deployed using a semi-rigid tube. It cannot be overemphasized that the skills and training required for successful deployment are similar to those needed to insert Dumon stents. Modified Polyflex stents with outer struts have been used successfully in recent studies [31] . -Other CE-marked polymeric straight stents such as the Noppen stent (Reynders Medical Supply, Lennik, Belgium), which is made from Tygon [32, 33] , and the Hood stents (Hood Laboratories, Pembroke, MA), which are made from silicone, may still be available but are no longer advertised [20••] .
Advantages and disadvantages of silicone stents Silicone stents are indicated for the vast majority of clinical indications whether malignant or benign, in contrast to metal stents that should for the most part be avoided in benign disease [20••] . Metal stents completely covered with silicone may be an exception. Although complications do occur with these stents, they are very rarely fatal and usually readily reversible. In fact, silicone stent removal is quite easy. These stents have a radial force sufficient to render them quite effective in extrinsic airway compression, but still can readily be manipulated and repositioned within the airway without concern [20••] . Techniques do exist to preserve ventilation to lobes covered by an endobronchial stent [24] . It is important to note that the cost of a silicone stent is significantly less than that of a metal self-expandable stent in the order of 1.5-2 times. The requirement for rigid bronchoscopy and general anesthesia for the placement of silicone stents is considered by some a distinct disadvantage; however, in our opinion this should not be considered the case. These same skills/resources are essential for the management of potential complications that may result from the insertion of metal stents. Due to pliability properties of the silicone stent, curvilinear conformations are not ideal indications. In these situations the stent may either fold centrally resulting in obstruction or even migrate due to a tendency to maintain its straight tubular conformation. Conditions such as tracheobronchomalacia where there is variable dimension of the airways may not always be ideally served by silicone stents with fixed diameters. The tubular structure with external studs of the Dumon stent may limit its ability to achieve complete apposition of the stent to the airway wall, leading to incomplete seal. This may be important in the case of fistulas as there is potential for a small residual leak around the stent.
Standard of care of central airway stenosis
The following sections will highlight the use of rigid bronchoscopy and silicone stents for the management of different types of airway stenoses.
Malignant airway stenosis
Bronchial obstruction is frequently encountered during the course of bronchial carcinoma. More than 30% of bronchial carcinomas present as a central airway obstruction [34] . Such obstructions may lead to specific complications that include reduced survival and decreased quality of life [35] . However, the vast majority of patients still die from general complications caused by their primary intrathoracic disease and only about 35% from local complications: severe hemoptysis, respiratory infections, or asphyxia [35] . Given that oncologic treatments do not generally result in prompt improvements in patients' symptoms [36, 37] , endoscopic treatments are necessary adjuncts to the tailored management of the patients at all the stages of the disease (neoadjuvant, adjuvant, and palliative). In addition, bronchial obstruction-related complications (atelectasis, respiratory insufficiency or distress, recurrent infections) are likely to interfere with optimal oncologic treatments, such as chemotherapy or radiotherapy. Malignant airway obstruction is often classified based on the type of airway involvement [38] . Airway involvement can be intrinsic, ie, endoluminal, extrinsic (extrinsic compression), or mixed (with both endoluminal obstruction and extrinsic compression) [12, 38] .
In summary, intrinsic involvement can be managed with debulking techniques and on occasion a stent may be placed as a bridge to chemo-radiotherapy, or alternatively as a permanent solution when the risk of local recurrence is high. Extrinsic compression without intra-luminal disease is readily treated with dilatation followed by stenting. Mixed (intrinsic and extrinsic) obstruction requires a multimodality approach with debulking and stent insertion.
Two conditions are required in order to achieve efficient debulking [12, 38] :
-The obstruction has to be located in the central airway (trachea, main stem bronchi, bronchus intermedius). In selected cases, lobar bronchi obstructions may be considered to be reasonable indications, though arguably the clinical impact is more limited and the procedurerelated risk is higher. -Airway patency beyond the obstruction. Voluminous lesions, massively invading lung parenchyma, or carcinomatous lymphangitis are not considered valid indications.
The presence of functional parenchyma beyond an obstruction is sometimes difficult to appreciate before undertaking endoscopic debulking. Recent documented atelectasis, persisting radiological aeration, or persisting vascularization in the atelectatic parenchyma can represent helpful information. Endobronchial ultrasound using miniprobes can help in differentiating airway compression or infiltration [39] . PET scan can also help appreciate the extent of tumor within an area of atelectasis.
An efficient endoscopic treatment allows for oncologic treatments to be done in better conditions with reduced complications, and improve subjective respiratory symptoms, lung function [40] , performance status, survival [41] [42] [43] [44] , and quality of life [45•] . Life expectancy of patients presenting with symptomatic obstruction and successfully treated endoscopically is equal to that of asymptomatic patients at equivalent stages of disease [46] . Benefit duration after stent placement is generally reported to be around 4 months before tumoral stent overgrowth [47] , but can be increased with the use of effective oncologic treatments (ie, chemotherapy and/or radiotherapy) [48] .
Classically, squamous cell carcinomas more frequently involve the central airways, while adenocarcinomas are generally more peripheral. Small cell carcinomas respond promptly to chemotherapy, and as such bronchoscopic treatments should be reserved to cases of acute respiratory distress as a bridge to chemotherapy and/or radiotherapy, or after failure of treatment.
Other indications for endobronchial treatment include endobronchial metastases (eg, esophageal, thyroid, renal cell carcinoma, colon, and melanoma) or alternatively lowgrade primary tumors (eg, adenoid cystic carcinomas, typical or atypical carcinoids).
Benign airway stenosis
Post-intubation or post-tracheostomy tracheal stenosis Despite the lower incidence of post-intubation or posttracheostomy tracheal stenosis (PITTS), management of such conditions remains challenging. Indeed, even if surgical repair (sleeve resection) is the best definitive solution, approximately 50% of patients present with acute respiratory distress prompting emergent less invasive endoscopic treatments as a bridge to surgery or as definitive treatment in case of contraindications to surgery [49] .
One can divide PITTS into two different types: the weblike PITTS (disease of the tracheal mucosa sparing the cartilaginous rings) and the complex PITTS (involving deterioration of the cartilaginous support) [50] . The web-like PITTS is generally successfully treated by radial mucosal incisions followed by mechanical dilation [51] . The rate of success is close to 90%, in one to three sessions [52••] . For the complex PITTS, mechanical dilation alone is most of the time not sufficient [50] . In case of surgical contraindication, the next step would be the placement of a stent in order to maintain the long-term patency of the tracheal lumen and prevent recurrence [50] .
The choice of the stent is important. Self-expandable metallic stents (SEMS) have been shown to make potentially operable PITTS inoperable because of the severe complications associated with the technique [53] .
In addition, they are more difficult to remove because of the re-epithelialization of their uncovered parts. These facts prompted the FDA to publish recommendations to limit the use of SEMS in benign tracheal stenosis [54] . Metallic tracheal stents should only be considered in patients with benign airway disorders when all other treatment options (such as tracheal surgical procedures or placement of silicone stents) have been considered and not deemed possible. Using metallic tracheal stents as a bridge to other therapies is not recommended, because removal of the metallic stent can result in serious complications. If a metallic tracheal stent is the only option for a patient, insertion should be done by a physician trained or experienced in metallic tracheal stent procedures. Likewise, if removal is necessary, the procedure should be performed by a physician trained or experienced in removing metallic tracheal stents. Silicone stents are more suitable because of their easy removal and are not likely to jeopardize a future surgery. Long-term results (no recurrence after stent removal at 1 year) vary from 40% when the stent is placed for 6 months to 70% when the stent remains in place for 18 months [50, 52••, 55, 56] . One should also take into account the fact that silicone stents require surveillance and may present complications like migrations, granulations, and/or mucus obstructions that can affect the quality of life [57] . Migration is probably the most challenging complication in this indication, with a frequency ranging from 11% to 17.5% [49] , especially when the stenosis is close to the vocal cords. This can be reduced by the use of a dedicated hour-glass silicone stent [23] or by external fixation [27, 28] . Management of PITTS should be based on a multidisciplinary approach involving interventional pulmonologists, ENT and thoracic surgeons, and the choice of modality has to be based on the location of the PITTS (subglottic stenosis being more challenging), its length (more than 6 cm appears to be the limitation for surgical resection until tracheal replacement becomes widely available), and the clinical status of the patient. Endoscopic techniques represent, in about 50% of the cases, a very efficient treatment for PITTS, but many questions remain regarding its long-term efficacy and its impact on the quality of life when compared to surgery.
Bronchial stenosis following lung transplantation (LT)
Improvements in surgical techniques, immunosuppressive regimen, and postoperative care have resulted in markedly improved clinical outcomes, as airway complication rates have decreased, presently ranging from 5% to 30% with an associated mortality rate of 2%-3% [58] [59] [60] [61] [62] [63] .
Several endoscopic interventions may allow effective management of LT-related airway complications. Such procedures include cryoablation, laser photoresection, balloon bronchoplasty, electrocautery, brachytherapy, airway dilation using rigid bronchoscopy, and stent placement [64] . Stent placement is usually considered for bronchomalacia, bronchial stenosis, combined stenosis and malacia, or bronchial dehiscence when these conditions are responsible for respiratory symptoms, persistent decline in lung function, or post-obstructive complications such as mucus retention and/ or infection. Although many studies have previously described management of LT-related airway complications with SEMS, little data are available with regard to the use of silicone stents for this indication. Stent placement can result in mucosal ischemia and re-stenosis is a common finding. While the overall results (survival and clinical outcome) favor stent placement, a high rate of stent-related problems such as scarring, mucus plugging, bacterial colonization, and migration have to be accepted with currently available stents. It is advisable to select a stent that can be removed if necessary without causing further tissue damage. Recently, our group has published a retrospective study on Dumon stent placement in anastomotic stenosis after lung transplantation [65••] . These stents could be removed definitively in 70% of the patients without further recurrence [65••] .
Tracheobronchomalacia
Adult tracheobronchomalacia (TBM) is traditionally described as weakness of the tracheal or bronchial wall from softening of the supporting cartilage and hypotonia of myoelastic elements [66, 67] . The congenital form of TBM is well described in the pediatric literature [68] [69] [70] , and may be associated with other congenital conditions. The adult forms of TBM are idiopathic or acquired during the course of other illnesses, and are disorders of middle-aged and older persons. During recent years, various stents have been used for these indications [67, 70] . It is difficult, however, to draw conclusions about the efficacy of endoluminal stents pertaining only to TBM and excessive dynamic airway collapse based on available data [71] . Pulmonary function tests may improve significantly after stenting of various causes of central airway obstruction, including malacia. More than one stent may be required if the symptoms persist after stenting, presumably because of distal migration of choke points [72, 73] ; therefore, most endoscopists have become reluctant about the use of permanent stent placement for malacia. The choke region can be identified with new techniques [74] , but any procedure may simply shift the choke region toward the periphery and there are no clear predictors of success. A trial and error approach can be considered and a temporary stent placed in order to determine whether patients may benefit from this internal splinting. If they do, they may be considered for definitive surgery using external stenting techniques, or, alternatively, the stent may be left in place if tolerated (or if surgery is deemed contraindicated or not technically feasible) [75] . If not, the stent is removed and physiotherapy and CPAP is recommended.
Conclusions
The modern management of central airway obstruction includes a variety of bronchoscopic techniques. Stents have been used increasingly for this indication and are generally safe and easily placed by trained proceduralists. Rigid bronchoscopy and silicone stents remain the most widely used modality and have been considered the standard of care, although self-expandable stents deployed via flexible bronchoscopy have been increasingly used as well. Non-covered metallic stents should not be used in benign diseases.
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